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ABSTRACT: Carbon nanotubes (CNTs), the closest structure to
ideal one-dimensional (1D) conductors, have stimulated substantial interest in the last decades for many applications in the
ﬁeld of nanotechnology. Unfortunately, the high cost of eﬃcient
metal catalysts limits the large-scale exploitation of carbon
nanomaterials’ synthesis processed by chemical vapor deposition
(CVD). However, minor or even trace amounts of metal or metal
oxides in the ideal form to be used as catalysts can be easily found in almost all-natural materials. Herein, we report on the
synthesis of carbon nanotubes and nanospheres obtained via CVD from a natural laterite, as a catalyst source. The synthesized
nanostructures were carefully analyzed by X-ray diﬀraction (XRD), environmental scanning electron microscopy (ESEM), highresolution transmission electron microscopy (HR-TEM), micro-Raman spectroscopy, and thermogravimetric analysis (TGA).
In particular, we investigated and discussed the structural properties of the catalyst nanoparticles and of the produced carbon
nanomaterials as well as the inﬂuence of temperature on the activity of the laterite based catalyst. At 700 °C, mainly CNTs grew,
whereas at 800 °C carbon nanospheres start to form and they become clearly visible in the form of continuous networks of
spheroidal structures in the samples grown at 900 °C. The obtained yields indicate that it could be possible to scale up the
synthesis of CNTs to be used in technological applications, starting from natural mineral oxide sources.
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relatively low yields,27,28 and the cost of puriﬁcation after
growth29,30 have been obstacles for the production on the
industrial scale of CNTs, via conventional CVD. In fact, despite
their performances, metal-based catalysts have some limitations
also such as their high cost because they are comprised of rare
metals and the required treatments like drying and calcination.
Moreover, the catalytic performance keeps on decreasing upon
the deposition of carbon on the catalyst surface, and thus the
catalyst cannot be used further. Thus, the search of alternative
catalysts for the growth of carbon nanomaterials is the key factor
to reduce their fabrication costs. On the other hand, the
inhomogeneous wide-scale distribution of natural materials on
the earth planet could in principle be exploited to face this task.31
In fact, CNTs were synthesized using natural materials as
catalysts source such as clay,32,33 Mount Etna lava,31,27,28
garnet,34 montmorillonite, zeolite,35 sepiolite, kaolinite and
nontronite,36 bentonite,37 or alumino-silicate minerals;38 these
minerals contain Fe, Mg, Si, Al, and Ni. These metal or metal
oxide-bearing minerals are of micrometric grain sizes in natural

INTRODUCTION
Since the early 1990s, signiﬁcant improvements have been
achieved in the synthesis of carbon nanotubes (CNTs) using
diﬀerent growth routes or metal catalysts.1−9 The discovery of
carbon nanotubes, as well as carbon nanoﬁbers (CNFs) and
carbon spheres (CSs), has led to an upsurge in interest in both
their shape and structure because of their singular properties and
potential applications in several nanotechnology areas.10−16 The
as-obtained carbon nanomaterials such as CNTs have shown
great potential for particle-based technologies such as drug
delivery,17 sensors,18 electronics,19 catalysts,20,21 and other
nanotechnologies.22
Many carbon nanomaterials, among them CNTs, are mostly
synthesized using conventional CVD where hydrocarbon gases’
decomposition is carried out by expensive active metal catalysts.
Alternatively, other carbon sources have been successfully
exploited for CNT synthesis, for example, carbon monoxide, via
CoMoCAT process,23,24 as well as agricultural waste, for
example carbonization of pretreated rice or rice straw.25,26
Carbon nanostructures, like nanotubes, nanoﬁbers, and nanospheres, can be fabricated by varying the experimental
parameters in controlled conditions or by using diﬀerent
catalysts.15,16 However, the expensive catalytic materials, the
© 2018 American Chemical Society
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Catalyst Preparation and Hydrocarbon Decomposition. We
heated a natural laterite sample using a three-zone atmosphericpressure furnace (chemical vapor deposition, CVD). The furnace was
equipped with a fused-silica (quartz) tube with an internal diameter of
22 mm. During the CVD process the furnace temperatures were
monitored through built-in furnace thermocouples. The sample in the
quartz boat was ﬁrst purged for 30 min. under an inert Ar gas
atmosphere with 100 sccm ﬂow. The sample was than inserted into the
hot zone of the furnace using the “fast heat” technique, which we
describe in other publications.43−45 The Ni-laterite sample was
dehydrated at 600 °C for 4 hours under an inert Ar ﬂow in the CVD
furnace. The growth zone was kept at a ﬁxed temperature, which was
controlled by the thermocouple of the CVD system. The ﬁnal calcined
catalyst sample was then decomposed under a ﬂow of ethylene in the
CVD system. To do this, we placed a weighed calcined sample in a
quartz boat and purged the system with Ar gas (99.9999%, from Gas
Technologies) at 100 sccm for 30 min. After that, the weighed sample in
the quartz boat was shifted into the middle zone of the furnace (“fast
heat”) and the catalyst was reduced in situ with Ar/H2 gases (99.9999%,
Gas Technologies) at 100/400 sccm at 600 °C for 15 min. After the
reduction process, we continued ﬂowing Ar gas while increasing the
reduction temperature to the growth temperature and keeping the
catalyst in the hot zone. In the present work, we performed the growth
reaction at 700, 800, and 900 °C. When the growth temperature was
achieved, the Ar gas ﬂow was closed and undiluted ethylene (99.9999%,
from Gas Technologies) with a ﬂow rate of 100 sccm was introduced
into the furnace for 15 min. After the reaction, the quartz tube was
shifted out of the furnace and was cooled down to room temperature
under a low ﬂow of Ar gas (100 sccm). Gas ﬂows were regulated using
an electronic mass ﬂow unit (MKS 247D), which allowed to tune the
digital mass ﬂow controllers (MKS model P4B). A schematic
representation of the experimental setup used by us for the synthesis
of carbon nanomaterials is shown in Figure 1.

materials, which is the ideal form for use as catalysts for
CNT synthesis. Additionally, metal cations and metal oxide
centers embedded in natural minerals factually support and
promote the growth of carbon nanostructures.29,30 In the cited
references on the use of natural materials as a catalyst, the
preparation of metal-based catalyst is carried out before the
growth process by ion-exchange reaction in water solutions of
respective salts, wet-chemical preparation, or suspension by
stirring and then separation of metal particles. In our case, we use
the natural Ni laterite without any sample preparation in order
to synthesize the carbon nanomaterials. Next, another aspect to
examine is this: how do metals or metal oxides in natural
minerals aﬀect the growth of CNTs with increasing temperature? Further, is it possible to control during the growth process
the crystallographic phases of metal or metal oxide catalyst? Of
course, it should be of paramount importance to answer these
questions from both fundamental and technological points of
view.
We have used natural laterite as a catalytic material for the
synthesis of carbon nanotubes. To our knowledge, this is the ﬁrst
report on the growth of CNTs using this natural material.
Speciﬁcally, we used laterite powder as a catalyst source for CNT
and CS growth using CVD under a ﬂow of ethylene (C2H4). We
also considered the impact of temperature on the growth of
these carbon nanostructures. Moreover, due to the heterogeneity of the chemical environment of Fe it is a challenge to
obtain CNTs with uniform size and distribution. However, we
were not interested in controlling the chirality or alignment of
the CNTs but just the synthesis of CNTs from natural powders.
The carbon yield of the synthesized nanomaterials, measured
using thermogravimetric analysis, was about 70 wt %. We
characterized in detail the structural/microstructural characteristics and vibrational properties of the synthesized CNTs.
Finally, we will discuss plausible growth mechanisms behind the
formation of these carbon nanostructures.

■

EXPERIMENTAL SECTION

Materials. The material used for this study is a Ni laterite powder
from Tiebaghi in New Caledonia, (sample ER-MB00-0001) provided
by SLN-ERAMET in the frame of the EU H2020 SOLSA project no.
689868 (www.solsa-mining.eu). The particle size is less than 1 mm. The
elemental analysis of the pristine material was done by means of an
energy dispersive X-ray (EDX) analyzer, coupled to an environmental
scanning electron microscope (ESEM). Both elemental spectrum and
elemental composition are shown in Figure S1 and in Table S1,
respectively (Supporting Information). The weight of catalyst used was
about 30 mg and the average content, not uniformly distributed, of Ni
on it was about 3 wt %. The sample contains Mg, Al, Si, Cr, Fe, Ni, Au,
besides O and C. The two Au and C peaks originate, respectively, from
the coating deposition and the tape used to stick the powders for the
ESEM/EDX analysis. X-ray diﬀraction (XRD) and micro-Raman
spectroscopy measurements carried out on these powders clearly
revealed the presence of goethite, FeO(OH), and hematite (Fe2O3), as
it can be inferred from Figures S3 and S4 (Supporting Information).
Additionally, small amounts of phyllosilicates are present. The presence
of high amounts of iron oxide particles as compared to other metal
oxides in laterites makes it an ideal material to grow and immobilize
nanocarbons. Since FeO(OH) is chemically bound to water, it can be
dehydrated to form porous Fe2O3 via calcination, and then eﬀectively
exploited as a catalyst due to its high surface.39,40 In fact, ion-exchange
and intercalation properties of pristine laterite powder, having metal
cations or metal oxide groups embedded in it, can stabilize the particle
size, thus favoring the growth of carbon nanotubes.41,42 In our
dehydrated laterite powders, the size of metal oxide particles occurs in
the order of micrometer, see Figure S2 (Supporting Information).

Figure 1. Scheme of the experimental setup used for the synthesis of
carbon nanomaterials.

Characterizations. The catalysts obtained from natural laterite and
the resulting CNTs were characterized by means of diﬀerent
techniques. Both crystalline structure and phase of pristine (Supporting
Information) and catalyzed samples were determined by using a
Thermo ARL X’TRA powder diﬀractometer operating in Bragg−
Brentano geometry mounting a Cu-anode X-ray source (Kα, λ = 1.5418
Å) and a Peltier Si(Li) cooled solid state detector. The samples were
scanned from 20 to 80 (2Θ) with a step size of 0.025. The morphology
of both the calcined catalyst (Supporting Information) and the CNTs
samples was revealed by an environmental scanning electron microscope (ESEM, Quanta FEG 250, FEI) under an operating voltage of 15
kV and equipped with an energy dispersive X-ray (EDX) analyzer
instrument which analyzed the elemental composition. A highresolution transmission electron microscope (HRTEM), JEM 2100,
JEOL, operating at 18 keV comprising energy dispersive X-ray
spectrometer (EDS) system was used to examine the surface
morphology and for the elemental analysis of the synthesized CNTs.
6047
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Further, the vibrational spectroscopy analysis on Ni laterite, on
the spent catalyst after calcination (Supporting Information), and on
the synthesized carbon nanomaterials was performed using a microRaman spectrometer (Horiba-Yvon Jobin, model LABRAM HR800).
This system was equipped with an He−Ne laser (λexc = 632.8 nm) for
the sample excitation and with a notch ﬁlter for the rejection of the
Rayleigh line. Backscattered Raman spectra were carried out at room
temperature over the Stokes-shifted region between 150 and 3450
cm−1. The laser beam was focused through an 80× objective of
numerical aperture NA = 0.75 onto the sample surface with a spot size
of about 1 μm, while its power at the sample surface was kept below 2
mW. The scattered radiation was dispersed by a 600 lines/mm
diﬀraction grating and detected at the spectrograph output by a redextended multichannel detector, a CCD with 1024 × 256 pixels, cooled
by liquid nitrogen. The spectral resolution was better than 1 cm−1/pixel
throughout the overall recorded spectral range.
The thermogravimetric analysis (TGA) was carried out by means of
a STA 449C Jupiter analyzer (Netzsch-Gerätebau GmbH, Selb,
Germany) from room temperature to 1000 °C at a heating rate of 10
°C min−1 and an static air ﬂux of 50 sccm min−1.

was calculated to be 0.3429, 0.3426, and 0.3405 nm,
respectively. These values for the interlayer separation were
observed to be very close to the reported ones for crystalline
graphite, that is, 0.34 nm, suggesting as well an increasing
crystalline character of the deposited carbon nanostructures.46,48
In the meantime, hematite (α-Fe2O3), which was obtained
from the dehydration reaction of FeO(OH) found inside the
laterite ore, should be reduced to metallic Fe or to FeNi alloys, as
the reduction reaction temperature is increased following the
sequence: Fe2O3 > Fe3O4 > FeO > Fe.49 This transformation can
be inferred from the occurrence of the well-deﬁned Fe3O4 peak
at about 37.71 at 800 °C and from the further splitting of the
peak at 900 °C into a doublet assigned to Fe3O4 and to FeO.
Further, we can observe the peak for Fe2O3 at about 48.63. XRD
peaks detected in nanopowders synthesized at 900 °C at 2Θ
value of 43.68, 50.89 and 74.83, deﬁnitely indicate the presence
of a FeNi alloy, since they closely ﬁt with the related (111),
(200), and (220) indexed peaks (ICDD card No. 04-002-1863).
Our ﬁndings are therefore consistent with the formation of
reduced Ni and Fe oxides over the hydrocarbons decomposition
at increasing temperatures.50,51 Ni and Fe metal particles play a
crucial role for the stability of the catalyst and thus for the
extension over time of the reaction without deactivation.50−55
Additionally, at 900 °C peaks of the crystalline carbon and the
FeNi alloy phases, as well other weak peaks, were also detected
for Fe metal particles at the 2Θ values of 44.63, 64.96 with (110)
and (200) indices, respectively (ICDD card No. 04-004-2475).
The peaks at 43.68, 50.89, 74.83 (2Θ) were not seen at lower
growth temperatures, indicating the absence of chemical
interactions among the carbon and the metal alloys.
Moreover, the growth temperature was found to aﬀect the
crystalline properties of the synthesized CNTs. It was clearly
observed that the carbon peak intensity increased as the reaction
temperature was increased from 700 to 900 °C, suggesting a
high crystalline quality of the grown carbon nanomaterials.
ESEM Analysis. Figure 3 shows ESEM images of the CVD
synthesized CNTs over the dehydrated laterite at 700 °C (a,b),
800 °C (c,d) and 900 °C (e,f) with diﬀerent magniﬁcations.
Clearly, the CNTs are entangled in a “spaghetti-like” fashion.
CNTs diameter varies from 10 to 100 nm and the graphitization
increases with increased growth temperature, as one would
expect.16 Additionally, higher growth temperatures correspond
to an enhanced catalytic activity and to a higher yield of CNTs.
However, metal-supported multiwall carbon nanotube-like
morphologies, which are clearly evident in the samples
synthesized at 700 °C, start transforming into carbon spherelike (CSs) structures when increasing the temperature up to
800−900 °C. A mix of both forms of carbon nanomaterials was
observed at 800 °C. At higher temperatures, we observed an
increased amount of CSs.
The high catalytic stability of the catalysts at diﬀerent growth
temperatures is attributed to the formation of metallic
particles.51 The pristine sample was dehydrated and its
FeO(OH) component was reduced to Fe2O3 as shown in the
XRD and Raman spectra reported in Figure S2 and S3,
respectively (Supporting Information). Thus, prior to the
catalytic tests, the iron existed in the matrix of the laterite after
dehydration as Fe2O3. During the thermal process, Fe2O3 has
been reduced further to Fe3O4, FeO, or Fe metal particles36,49 as
we increased the furnace temperature from 700 to 800 °C, and
then to 900 °C. The average Ni content in our laterite powder is
about 1.6 wt %. According to Tang et al., in an iron matrix of the
laterite ore, Ni exists as (Fe, Ni)O(OH) and therefore it can be

■

RESULTS AND DISCUSSIONS
X-ray Diﬀraction Analysis. Both structure and crystalline
phase of the raw and dehydrated laterite sample were studied by
X-ray diﬀraction (XRD), and the related XRD patterns are
shown in Figure S3 (Supporting Information). Prior to the XRD
measurement, the diﬀractometer was calibrated with silicon
powder (d111 = 3.1353 Å). The same technique was also
exploited for determining the gross structure and the phase
purity of the CNTs. Some typical XRD patterns are reported in
Figure 2. The diﬀraction peak centered at the 2Θ value 25.96,

Figure 2. Typical XRD patterns of carbon nanomaterials synthesized at
700 (a), 800 (b), and 900 °C (c).

25.98, and 26.14 Θ for 700 °C, 800 and 900 °C was indexed to
the (002) plane and associated with formation on the surface of
the catalyst of graphitic carbon with few structural defects.46 The
intensity value of the peak from the (002) plane has been
considered an eﬀective parameter to determine the degree of
graphitization of the synthesized carbon nanomaterial.47
Accordingly, for the three temperatures, that is, 700, 800, and
900 °C, we observed that the degree of graphitization for the
CNTs deposited over the metal particles at 900 °C was the
highest, while the lowest one was found for CNTs synthesized at
700 °C. Moreover, the separation distance between adjacent
layers in crystalline carbon component at 700, 800, and 900 °C
6048
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Figure 3. ESEM images of the synthesized carbon nanomaterials at 700 °C (a,b), 800 °C (c,d), and 900 °C (e,f).

dispersed at the atomic level.55 During the catalytic tests, nickel
oxide present in the dehydrated laterite transforms to metal Ni
particles at 800 and 900 °C. Their dispersion into the laterite
matrix, characterized by a high surface area,39 results into higher
catalytic performance of this composite system. We found that
the amount of Ni is not much evident at 700 °C in CNTs.
Further, EDX analysis as shown in Figure 4 on carbon
nanomaterials heated at 900 °C indicates the presence of Ni
(0.7 wt %), suggesting the formation FeNi alloy. Hovewer, it
should be pointed out that the Ni content is much lower than the
iron content both in the pristine laterite as well as in the CNTs.
HRTEM Analysis. A gentle sonication in ethanol enabled the
uniform dispersion of the multiwalled CNTs. We dropcasted a
single drop from the dispersion solution onto a copper grid for
HRTEM imaging. A few spots on top of the grid exhibited

aggregated CNTs due to insuﬃcient sonication time. As shown
in Figure 5, the HRTEM images of CNTs synthesized at 700 °C
from the decomposition of ethylene over the metal catalyst
particles derived from dehydrated laterite conﬁrmed the
formation of CNTs with good graphitization having diameters
in the range of 25−35 nm. We observe in the HRTEM images of
the CNTs that nanometer-sized chunks of catalyst are
embedded in the CNTs. Triangular shaped metal catalyst
particles were observed inside some of the CNTs (Figure 5d).
Besides CNTs, we also observed the presence of amorphous
carbon surrounding them. In addition, EDS elemental analysis
(Figure 5e) of CNT tips conﬁrmed the presence of Fe particles
encapsulated inside the CNTs. Elemental Cr detected in the
EDX spectra is related to the chromite component present in the
6049
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Figure 4. EDS analysis of the carbon nanomaterials synthesized at 900 °C.

Figure 5. HRTEM images of the CVD-synthesized CNTs at 700 °C (a−d) and the corresponding EDS analysis (e).

with diﬀerent measurement variations. The ﬁrst band (known as
the D band) was observed near 1325 cm−1 and the second band
(known as the G band) was observed near 1590 cm−1. The
occurrence of the D band is usually associated with the structural

catalyst itself, while the elemental Cu originates from the
HRTEM grid.
Micro-Raman Analysis. Raman spectra of the CNTs show
two well-resolved Raman bands at all operative technical settings
6050
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defects present in the graphitic forms of carbon. The G band is
attributed to E2g vibrational mode, originated by the in-plane
motion of carbon atoms within the graphitic layers.56 Apart from
these bands, the second-order overtone of the D band peaked at
about 2650 cm−1 was mostly observed on the samples grown at
700 °C. According to DiLeo e t al.57 this band can be considered
a reliable ﬁngerprint of CNTs presence in an appreciable
fraction inside these powders.
Micro-Raman spectra are shown in Figure 6. Raman bands
were found to be nearly unchanged irrespective of the growth

Figure 7. Thermogravimetric curves of the CNTs synthesized at 700
°C.

CVD, we will propose plausible physical/chemical mechanisms
for the growth of the nanostructures observed based on all the
results and characterizations described so far.
Given that the size of the pristine clusters, which contain iron,
iron oxide, and other elements, is in the order of tens of microns
(see Figure S2 ESEM image added in Supporting Information),
we are forced to say that the CNTs observed after CVD, which
have a diameter in the 20 nm range (see HRTEM images in
Figure 5), can only be nucleated by much smaller catalysts. A
related question concerns the oxidation state of the catalyst
before the CNT growth, given that in our process we ﬁrst
preanneal our samples in a reductive mixture of argon and
hydrogen. We will address these two points.
In a previous work, we showed the growth of CNTs on the
surface of silicon particles coated with a thin iron oxide, where
iron oxide was ﬁrst reduced (like in our case) by an annealing in
reductive atmosphere (Ar/H2), with subsequent dewetting of
the iron surface into nanosized dots, which were the nucleation
sites for CNT growth (see Figure 1 and 2 in58). Although in this
previous work the iron oxide layer was thin and could dewet, we
(and others) have shown that direct growth on bulk ironcontaining materials such as stainless steel can grow CNTs.59,60
On the basis of this, we would have expected CNTs’ formation
to occur on the micron-size clusters surface after undergoing
reduction and possible surface dewetting during the preanneal in
Ar/H2. This hypothesis is disproved by the fact that we did not
observe micron-size chunks of our original material in any of our
ESEM/HRTEM characterizations. However, we did observe in
the HRTEM images of the CNTs that nanometer-sized chunks
of catalyst are embedded in the CNTs (Figure 5). On the basis
of the careful observation of the pristine clusters which appear to
be composed of many smaller chunks connected together (see
Figure S2, ESEM image added in Supporting Information) and
on the presence of nanometer-sized chunks of catalysts in the
CNTs (Figure 5), we propose that the mechanism is based on
the fragmentation of the pristine iron-containing material, with
probable reduction of Fe2O3 to metallic Fe particles to become
the catalysts for CNT growth. Note that our hypothesis of
fragmentation is supported by our previous works on a diﬀerent
metallic system where fragmentation of the surface led to the
growth of carbon nanoﬁbers61,62 Although Ni may play a minor
role in the catalysis (e.g., by alloying with Fe), we are neglecting
it given the low Ni content observed in the pristine material and
in the CNTs.

Figure 6. Micro-Raman spectra of carbon nanomaterials synthesized at
700 °C (a), 800 °C (b), and 900 °C (c).

temperature. However, the morphology of the deposited CNTs
varied with temperature. Although the ID/IG ratio did not vary
signiﬁcantly with growth temperature, the 2D band near 2650
cm−1 signiﬁcantly decreased in intensity as we increased the
growth temperature from 700 to 900 °C. This indicates that a
progressive rearrangement of the CNT structure occurred with
increasing growth temperature, in accordance with the
morphology changes observed. Therefore, the micro-Raman
spectra of carbon nanomaterials obtained at three diﬀerent
temperatures are in good agreement with XRD patterns.
TGA/DSC Analysis. Thermogravimetric analysis was carried
on the carbon nanomaterial synthesized using natural laterite
powder at 700−900 °C in order to examine the phase purity,
oxidation stability, graphitization degree and the carbon yield.
As presented in Figure 7, the CNTs resulted a thermal curve
with a single weight loss dip, which suggests the occurrence of
one-step oxidative degradation process of crystalline carbon
with oxygen.51 The weight loss of about 5% below 450 °C is
attributed to the removal of adsorbed moisture and amorphous
carbon and the drastic weight loss due to the burning of CNTs
begins at about 604 °C. From the curves, it can be clearly
observed that the weight loss of CNTs is about 70% upon the
point when the temperature is less than 700 °C. For temperature
higher than 700 °C, the CNTs react with air and release part of
carbon in the form of gas leaving behind the Fe2O3. The weight
fraction of the Fe2O3 is about 25%. The TG proﬁle also conﬁrms
the carbon oxidation and the high thermal stability of the CNTs.
Growth Mechanism. Despite the complexity of the
mechanisms at play in the growth of any nanostructure using
6051
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A second question regards the oxidation state of the catalyst
during CNT growth. Even though oxides can grow CNTs,
metallic Fe has been shown to be more active for the growth of
CNTs. On the basis of previous works on a speciﬁc study we did
on the oxidation state of iron catalyst during CNT growth, we
believe that the reductive preanneal reduces our iron oxide to
metallic iron that then catalyzed the observed high yield of
CNTs.63
Although we proposed above a plausible CNT growth
mechanism, the formation mechanism of the nanospheres is to
our knowledge more complex and mysterious. Because we ﬂow
undiluted ethylene, at higher temperatures we expect to form
more amorphous carbon (the gases are preheated in the ﬁrst two
zones prior to reaching the catalytic powder). We can thus
speculate that some nanometer-sized catalyst chunks get initially
coated with amorphous carbon, which is known to prevent the
growth of CNTs.64 Thus, these catalyst chunks, which are now
unable to catalyze CNTs, get further coated by amorphous
carbon during the remaining growth time. Again, the proposed
mechanism is only an educated guess based on our knowledge of
synthesis of carbon nanostructures as the mechanisms are
probably many and complex as explained in ref 65.
In conclusion, a plausible growth mechanism for the CNTs is
based on the fragmentation and reduction of the iron oxide
clusters to nanometer-sized iron-containing particles that
nucleate and grow CNTs during the growth step of CVD
when we introduce ethylene. The understanding of the growth
of CSs is more challenging and we believe it is associated with
the higher amounts of amorphous carbon formed through the
decomposition of undiluted ethylene at higher temperature,
leading to the progressive coating of catalytic fragments with
amorphous carbon.
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